The allocation of "choice" behavior provides a measure that may be useful in developing experimental models of clinical relapse. In the present experiments, indirect monoaminergic agonists [cocaine, 1-(2-[bis(4-fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)piperazine (GBR 12909), desipramine, and citalopram], and dopaminergic D 1 family agonists [(Ϯ)-6-chloro-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine (SKF 82958), R-(ϩ)-6-bromo-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahy-dro-1H-3-benzazepine (R-(ϩ)-6-BrAPB), and 6-chloro-7,8-dihydroxy-3-methyl-1-(3-methylphenyl)-2,3,4,5-tetrahydro-1H-3-benzazepine (SKF 83959)] and D 2 family agonists [quinelorane,
training conditions, the distribution of behavior was related to the unit dose of i.v. cocaine: when saline was available, responding occurred predominantly on the food-lever and when reinforcing doses of cocaine were available, responding occurred predominantly on the injection-lever. Drugs were studied by administering i.m. pretreatment doses before components in sessions of i.v. saline availability. Cocaine produced dose-related increases in injection-lever responding in all monkeys, whereas desipramine failed to alter the distribution of behavior in any monkey. The dopamine transport blocker GBR 12909 and each dopamine D 1 family agonist markedly increased injection-lever responding in three of four monkeys; the serotonin transport blocker citalopram and D 2 family agonists were comparably effective in only one or two monkeys. These results agree with previous findings of similarity in the behavioral effects of cocaine and indirect or direct dopamine agonists and suggest, furthermore, that i.v. selfadministration behavior engendered by priming doses of cocaine may involve actions mediated through both D 1 and D 2 families of dopamine receptors.
Self-administration procedures in laboratory animals are often used to evaluate candidate medications for managing addiction to cocaine and related psychomotor stimulant drugs. Usually, experiments are conducted to determine how drugs alter response rates or the number of i.v. injections under a single schedule, with reinforcement consequent to a fixed or progressively increasing number of responses, i.e., fixed ratio (FR) or progressive ratio schedules (for review, see Mello and Negus, 1996) . In such research, the comparison of changes in i.v. self-administration behavior and performance maintained by another reinforcer such as food delivery can provide a measure of behavioral selectivity in the effects of a candidate medication (Woolverton, 1996; Negus et al., 1999; Caine et al., 2000) . However, the reinforcing strength of the different consequences is not often measured and normalized, making rigorous comparisons impossible (Mello and Negus, 1996) .
Self-administration procedures also are used to identify candidate medications by studying the effects of drugs on self-administration behavior that has undergone extinction. Although addictive behavior among drug users rarely undergoes extinction, such "reinstatement" of self-administration behavior has been proposed as a laboratory model of relapse and a means with which to examine candidate medications for their ability to promote relapse or, alternatively, retard its induction (Shalev et al., 2002) . For example, indirect dopamine agonists such as cocaine and direct dopamine D 2 family agonists such as quinpirole or R-NPA may reinstate behavior in rats and monkeys to levels observed during sessions of i.v. cocaine self-administration itself. By contrast, direct dopamine D 1 family or D 3 -selective agonists seem not to reinstate behavior but only to decrease the "reinstating" effects of cocaine itself (Self et al., 1996; Khroyan et al., 2000) . The extent to which these results reflect treatmentinduced changes in drug-seeking behavior or other effects that are unrelated to motivational variables, e.g., rate-altering or discriminative-stimulus effects, is uncertain (Bergman and Katz, 1998) . Moreover, the predictive validity of reinstatement procedures for identifying medications that decrease vulnerability to clinical relapse is currently undocumented. This is an important issue because drugs that reinstate self-administration behavior may have effects comparable with those of the abused drug and thereby increase vulnerability to relapse. Alternatively, such pharmacotherapies may serve as highly effective medications, e.g., methadone in the management of heroin addiction. Notwithstanding, findings in reinstatement studies have been used to support the view that dopamine D 1 and D 3 agonists deserve continued consideration as candidate therapies for the management of stimulant-type addiction (Self et al., 1996; Khroyan et al., 2000) .
The present studies were conducted to extend the application of i.v. self-administration procedures in the evaluation of candidate medications for stimulant-type addiction to the use of a "choice" procedure using concurrent schedules of i.v. cocaine and food delivery. Under these conditions, the two consequences are concurrently available under identical FR schedules, and the relative reinforcing effects of injections of different doses of i.v. cocaine and food delivery can be empirically described by the distribution of behavior on response levers associated with the consequence (Paronis et al., 2002) . The use of such choice procedures to study the relative reinforcing strength of drugs was pioneered early in the development of self-administration research (Iglauer and Woods, 1974; Johanson and Schuster, 1975) . Historically, however, they have not been widely applied in the study of candidate medications in laboratory animals (Woolverton and Balster, 1981) . In contrast, choice conditions are regularly used in drug self-administration studies in human subjects so as to analyze the effects of drugs in terms of reinforcing strength relative to other known reinforcers and to evaluate candidate medications for drug addiction (Griffiths et al., 1980; Haney et al., 2001; Greenwald et al., 2002) .
The direct aim of the present experiments was to determine the effects of differing types of dopaminergic compounds on choice behavior when subjects could lever-press for either i.v. saline injections or food delivery. Results indicate that, like cocaine, the dopamine transport blocker GBR 12909 and direct D 1 family agonists [SKF 82958, R-(ϩ)-6-BrAPB, and SKF 83959] generally produced doserelated increases in the allocation of behavior to the injection-lever. D 2 family agonists [quinelorane, PD 128,907, (ϩ)-PHNO, and R-NPA] also increased responding on the injection-lever; however, drug-induced increases in injection-lever responding plateaued and, on average, comparable levels of behavior were allocated to both levers over a log unit range of doses. These data are consistent with the view that activation of either dopamine D 1 -or D 2 -receptors can increase drug-seeking behavior in cocaineexperienced subjects.
Materials and Methods
Subjects. Three female (Mm 211, Mm 258, and Mm 331) and one male (Mm 263) adult rhesus monkeys (Macaca mulatta), weighing 6 to 9.5 kg, were studied in daily experimental sessions 5 to 6 days/ week. Two monkeys (Mm 211 and Mm 331) were previously exposed to cocaine in i.v. self-administration experiments, and two monkeys (Mm 258 and Mm 263) had previously participated in experiments with a variety of opioid or dopaminergic drugs. Subjects were individually housed in stainless steel cages between experimental sessions in a temperature-and humidity-controlled room with a 12-h light/dark cycle (7:00 AM lights on). Each monkey had unlimited access to tap water and received a nutritionally balanced diet (5045 High Protein Monkey Diet; PMI Nutrition International, Inc., Brentwood, MO) supplemented regularly with fresh fruit, trail mix, and vitamins. The protocol for animal use in these studies was approved by the Institutional Animal Care and Use Committee. Subjects in this study were maintained in accordance with guidelines provided by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animals Resources, National Institutes of Health. This facility is licensed by the U.S. Department of Agriculture.
Each monkey initially was trained to lever press under a fixed ratio schedule of food presentation. After food-maintained performance was well established, each monkey was prepared with a chronic venous catheter after the general surgical procedure described by Herd et al. (1969) . Briefly, under isoflurane anesthesia and in aseptic conditions, one end of a hydrophilically coated polyurethane catheter (inside diameter, 1.0 mm; outside diameter, 1.7 mm) was inserted through a femoral vein and passed to the level of the right atrium. The distal end of the catheter was attached to a titanium vascular access port (model TI200 AC-5H; Access Technologies, Skokie, IL) that was subcutaneously located in the midscapular region.
Apparatus. During experimental sessions, each monkey was seated in a Plexiglas chair within a ventilated, sound-attenuating chamber. Two response levers were mounted on a panel attached to the front of the chair. Each press of either lever with a force of at least 0.25 N produced an audible click of a relay and was recorded as a response. Colored lamps (red or white) behind the levers could be illuminated to serve as visual stimuli. A motor-driven feeder outside the chamber could deliver food pellets to a food receptacle on the chair via flexible tubing. A motor-driven syringe pump outside the chamber could deliver intravenous injections via an external catheter line and noncoring Huber needle through the silicone rubber septum of the monkey's vascular access port. Sterile 0.9% saline (1-2 ml) was used to flush residual drug solution from the port and catheter after experimental sessions. Both the syringe and feeder were operated by automatic programming equipment. Each operation of the syringe pump or feeder lasted 200 ms and delivered a constant volume from the syringe or one food pellet, respectively.
Terminal Schedule and Training Sessions. Each experimental session lasted 110 min and consisted of three 30-min components of schedule-controlled performance separated by 10-min time-out (TO) periods. The terminal schedule comprised a two-member sequence (for details, see Paronis et al., 2002) . Briefly, 30 responses (FR30) on the injection-lever in the first member of the sequence produced an i.v. injection of the solution available for self-administration and, subsequently, a 45-s TO period. Each response on the other lever before completion of the schedule requirement produced a 10-s TO period without resetting the response requirement on the injection-lever. During the second member of the sequence, which lasted for the remainder of the 30-min component, responding was reinforced under concurrent FR30 schedules of i.v. injection and food pellet delivery. Specifically, the completion of 30 consecutive responses on the injection-lever was followed by an i.v. injection of the solution available for self-administration, whereas completion of thirty consecutive responses on the second lever (food-lever) was followed by the delivery of a food pellet. A response on one lever reset the response requirement on the other lever. Delivery of each reinforcer (food or i.v. injection) was followed by a 45-s TO period. The left lever was the injection-lever for monkeys Mm 211, Mm 258, and Mm 331 and the food-lever for monkey Mm 263; lever assignments remained constant throughout the present study. Stimulus lights of the same color were illuminated above both levers during both members of the sequence but were not lit during short and long TO periods. All lights were off during TO periods; TO responses were recorded but had no scheduled consequences.
Under training conditions, either saline or cocaine (0.032 or 0.1 mg/kg/inj) was available for i.v. self-administration. Performance for all monkeys was characterized by nearly exclusive responding on the food-lever when saline was available for self-administration, and nearly exclusive responding on the injection-lever when training doses of cocaine were available for self-administration. The availability of saline, 0.032, or 0.1 mg/kg/inj cocaine for self-administration in a particular component within each training session varied with the provisos that 1) saline was never available after cocaine, and 2) 0.032 mg/kg/inj cocaine was never available after 0.1 mg/kg/inj cocaine. The order of presentation of saline, 0.032 and 0.1 mg/kg/inj cocaine varied in a nonsystematic manner from session to session, with the specification that each condition was presented three times out of every 30 training sessions (Paronis et al., 2002) . After performance across the different training conditions was stable from day to day, the effects of cocaine and other drugs were studied during test sessions described below.
Experimental Protocol. Test sessions usually were conducted twice a week; training sessions were conducted on other days. All programmed parameters of test and training sessions were identical. The effects of presession i.m. administration of cocaine and other drugs were studied during sessions in which saline was available for self-administration in all three components. In test sessions, the effects of drugs usually were studied by administering cumulative doses 10 min before successive components of the session. Full doseeffect functions for a drug were determined by studying overlapping ranges of cumulative doses up to the highest doses that could be studied safely and/or up to the doses that profoundly altered rates and/or patterns of operant responding in the second member of the terminal schedule. None of the drugs had consistent or dose-dependent effects on performance during the first member of the terminal schedule (data not shown). Drugs also were occasionally studied by administering single doses before the test session. In these latter experiments, data from the first component were used for inclusion with data from cumulative dosing experiments.
Drugs. Cocaine HCl, 1-(2-[bis(4-fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)piperazine dihydrochloride (GBR 12909 2HCl), and (Ϯ)-6-chloro-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrobromide (SKF 82958 HBr) were obtained from the National Institute on Drug Abuse (Rockville, MD). 6-Chloro-7,8-dihydroxy-3-methyl-1-(3-methylphenyl)-2,3,4,5-tetrahydro-1H-3-benzazepine hydrobromide (SKF 83959 HBr) was supplied by Sigma/RBI (Natick, MA) through the Chemical Synthesis Program of the National Institute of Mental Health, HCl, 4, 4a, benzopyrano-[4,3-b]-1,4-oxazin-9-ol hydrochloride (PD 128,907 HCl) were purchased from Sigma/RBI. Citalopram HBr and (ϩ)-N-propyl-hydroxynaphoxazine [(ϩ)-PHNO] were graciously supplied by Lundbeck A/S (Copenhagen, Denmark) and Merck Sharpe and Dohme (Hoddesdon, UK), respectively. Except for the benzazepines, all drugs were prepared in 0.9% saline and warmed and/or sonicated before administration, as necessary. Stock solutions of the benzazepines were prepared in a solution of 0.1% ascorbic acid in sterile water and further diluted with 0.9% saline. Doses of cocaine refer to its free base form; doses of the remaining drugs refer to their salt forms. Cocaine was studied by making unit doses available for i.v. self-administration during training sessions or, during test sessions, by administering cumulative i.m. doses before components of i.v. saline availability. All other drugs were studied only by administering doses i.m. before components of saline availability.
Data Analysis. Only data collected during the second member of the two-member schedule were used for further analysis. Specifically, four measures of behavior were obtained for all monkeys in each component of the session. These included number of self-administered i.v. injections, number of food pellet deliveries, overall distribution of responding as the percentage of injection-lever and foodlever responding, and overall response rate. The percentage of injection-lever or food-lever responding was calculated by dividing the number of responses emitted on the injection-lever or food-lever by the total number of responses emitted on both levers. All responses (i.e., those in both completed and uncompleted ratios in each component) were included in the analysis of the distribution of responding. Overall response rate is expressed as responses per second and was calculated by dividing the total number of responses on both levers by the total elapsed time, excluding responses and time during TO periods.
Data were collected and analyzed for each monkey separately. Control measures were determined over the course of 15 to 20 sessions and therefore are expressed as mean values with 95% confidence limits (95% CL) for the expression of variability in the individual monkey's data. After testing began, the effects of i.m. drug pretreatments on self-administration behavior during i.v. saline availability were compared with the effects of i.m. saline pretreatment during i.v. saline availability, hereafter referred to as control sessions. Data from at least three temporally proximal control sessions during testing each drug were averaged and used as control values against which to measure the effects of that drug. When the effects of a drug dose were determined more than once in a subject, data were averaged to obtain mean values (Ϯ S.D.) for the effects of that dose in that monkey. Dose-response data for the distribution of responding, number of food deliveries, and response rate after drug pretreatments were further analyzed by estimating the dose of a drug that could 1) increase the percentage of injection-lever responding to 50%, 2) decrease food intake by 50%, or 3) decrease overall response rate by 50%. ED 50 values first were determined in individual monkeys and were calculated by extrapolation of the linear portion of the dose-response function. In some instances, dose-response data were not amenable to ED 50 calculation, and no further analysis was performed. For each measure, ED 50 values that were obtained for a drug in at least three monkeys were averaged for expression as a mean ED 50 value with the 95% CL shown in parentheses.
Results
Control Performance during Training Sessions. When saline was available for self-administration during training sessions, monkeys allocated their responding almost exclusively to the food-lever (Table 1) . Control values averaged for the group of monkeys over the course of the experiments (mean Ϯ S.E.M.) show that 93 Ϯ 3 and 7 Ϯ 3% of responding occurred on the food-lever and the injection-lever, respectively, resulting in the delivery of 26 Ϯ 1 food pellets and 2 Ϯ 1 injections of saline per 30-min session component. Throughout the present experiments, overall response rates remained high in all components during sessions of saline availability and ranged between 2.9 and 3.7 responses/s in monkey Mm 258 and 1.3 and 2.0 responses/s in the remaining three monkeys.
In contrast to saline availability, the availability of train-
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at ASPET Journals on April 18, 2017 jpet.aspetjournals.org ing doses of cocaine for i.v. self-administration led to responding predominantly on the injection-lever. Averaged for the group of monkeys, 84 Ϯ 6% of responding occurred on the injection-lever during the availability of 0.032 mg/kg/inj cocaine, resulting in the intake of 10 Ϯ 3 injections and 4 Ϯ 1 food pellet deliveries in the 30-min session component. During availability of the higher training dose of cocaine, 0.1 mg/kg/inj, responding occurred nearly exclusively on the injection-lever (96 Ϯ 1%), resulting in the delivery of an average of 5 Ϯ 2 injections and 1 food pellet per 30-min session component. There also were marked differences in overall rates of responding associated with the availability of saline or cocaine. Averaged for the group of monkeys, overall response rates during saline availability remained relatively high (2.3 Ϯ 0.6 responses/s), reflecting behavior primarily on the food-lever. On the other hand, averaged rates of responding decreased in a dose-related manner during the availability of 0.032 and 0.1 mg/kg/inj cocaine to 0.6 Ϯ 0.2 and 0.1 Ϯ 0.1 responses/s, respectively. Pretreatment with Cocaine during Saline Availability. Acute pretreatment with i.m. cocaine produced doserelated changes in the distribution of behavior, in the number of food deliveries and i.v. saline injections, and in the overall rate of responding in all subjects ( Fig. 1; Table 2 ). Changes in the distribution of responding were reflected in dose-dependent increases in the number of i.v. saline injections and decreases in food pellet deliveries (Fig. 1 , middle and bottom). All monkeys responded predominantly on the injection-lever after the highest i.m. doses of cocaine. Thus, the average number of self-administered saline injections during the 30-min session component increased from a control value of 3 Ϯ 1 to 10 Ϯ 2 and 9 Ϯ 3 injections, respectively, after pretreatment with 0.32 and 1.0 mg/kg cocaine. Correspondingly, the number of food pellet deliveries decreased from control values of 24 Ϯ 2 to 5 Ϯ 4 and 1 Ϯ 1 pellets, respectively. Overall response rates also decreased in a dosedependent manner after pretreatment with i.m. cocaine, consistent with the decrease in the number of overall reinforcers ( Table 2 ). The potency with which i.m. cocaine altered behavior did not differ significantly across measures of response distribution, reinforcer density, and response rate. Thus, averaged ED 50 values ranged only from 0.17 Ϯ 0.05 to 0.26 Ϯ 0.09 mg/kg across the different behavioral measures (Table  3) .
Pretreatment with Selective Monoamine Transport Inhibitors. Pretreatment with inhibitors of the transport of dopamine (GBR 12909), norepinephrine (desipramine), and serotonin (citalopram) had differing behavioral effects during i.v. saline availability (Fig. 2) . In three of four monkeys, the dopamine transport inhibitor GBR 12909 produced dose-related decreases in overall response rates and food deliveries but increased responding on the injection-lever (Fig. 2 , mid- Percentage of injection-lever responses I 2 (2) 6 (6) 6 (6) 3 (4) II 1 (2) 2 (2) 13 (14) 1 (1) III 1 (1) 20 (14) 21 (14) 2 (3) Number of food deliveries I 27 (2) 31 (2) 26 (2) 25 ( Table 3 ). In the fourth monkey, Mm 263, GBR 12909 also decreased response rates and food pellet delivery but, up to a dose that completely eliminated performance (10 mg/kg), did not shift the distribution of behavior to the injection-lever. The potency of GBR 12909 differed Ͻ10-fold among the three monkeys for which responding increased on the injection-lever. Cumulative i.m. doses that resulted in the full allocation of responding to the injection-lever and, as well, in delivery of maximum number of saline injections, ranged from 3.2 to 18 mg/kg GBR 12909 (see individual plots in Fig.  2, top left) . Averaged for these three monkeys, and irrespective of dose, the maximum number of injections was 15 Ϯ 6 injections. For these monkeys, the potency of GBR 12909 was similar across the different behavioral measures of the present experiments. Thus, the i.m. pretreatment dose of GBR 12909 calculated to produce equal responding on the injection-and food-levers was 6.20 Ϯ 3.0 mg/kg, and the estimated ED 50 dose for decreasing response rates was 7.3 Ϯ 3.5 mg/kg (Table 3) .
The serotonin transport inhibitor citalopram consistently produced dose-dependent decreases in overall response rates and food-maintained behavior and had varying effects on the distribution of responding across subjects. Averaged for the group of monkeys, i.m. pretreatment with the highest cumulative doses of citalopram, 3.2 or 10 mg/kg, led to similar Transport inhibitors Cocaine 1.9 Ϯ 0.5 2.0 Ϯ 0.9 2.0 Ϯ 0.8 0.9 Ϯ 0.5 0.2 Ϯ 0.1 GBR 12909 2.0 Ϯ 0.5 2.6 Ϯ 0.6 2.3 Ϯ 0.6 1.7 Ϯ 0. 
Dopaminergic Effects on Choice Behavior in Monkeys 253
at ASPET Journals on April 18, 2017 jpet.aspetjournals.org levels of responding on both the injection-lever and the foodlever, and decreased response rates and food deliveries to approximately 25% of control values ( Fig. 2 ; Table 3 ). However, the change in the distribution of behavior was primarily attributable to the effects of citalopram in one monkey, Mm 258. After the cumulative dose of 10 mg/kg citalopram, Ͼ80% of responding by this monkey occurred on the injection-lever, increasing the number of i.v. saline injections from a control value of two injections to 14 injections. Citalopram otherwise only moderately altered the distribution of behavior in the other three monkeys, with maxima of 18 to 45% of responding on the injection-lever after pretreatment with the highest cumulative doses (Fig. 2, top) . These limited changes in the distribution of behavior did not result in a significant increase in the number of saline injections in any subject. Regardless of changes in the distribution of responding, citalopram exerted its behavioral effect with comparable potency across measures. Thus, ED 50 values averaged across monkeys for the effects of citalopram on response rate and food delivery were nearly identical and, for the two monkeys in which comparisons could be made, individual ED 50 values were highly comparable across the measures of response distribution, food deliveries, and response rate (Table 3) . In contrast to GBR 12909 and citalopram, the norepinephrine transport inhibitor desipramine did not markedly change the distribution of responding during saline availability in any monkey (Fig. 2, top) . Responding was allocated exclusively to the food-lever after cumulative i.m. doses of desipramine up to 3.2 mg/kg in all monkeys and up to 10 mg/kg in three of four monkeys. The fourth monkey, Mm 258, also responded primarily (Ͼ70%) on the food-lever after the cumulative i.m. dose of 10 mg/kg desipramine. In this monkey, however, some responding also occurred on the injection-lever (Ͻ30%), resulting in eight injections of saline. In addition to differences in effects on the distribution of behavior, desipramine also could be distinguished from GBR 12909 and citalopram by its effects on response rates and food delivery. Thus, as shown in Fig. 2 (middle and bottom right) and Table 2 , the highest dose of desipramine, 10 mg/kg, reduced response rates by Ͼ50% of control values in all subjects (ED 50 ϭ 5.3 Ϯ 1.1 mg/kg) but decreased the number of food deliveries by Ͼ50% in only one monkey (Mm 211). Pretreatment with i.m. doses of desipramine Ͼ10 mg/kg previously were noted to produce tremor and other adverse effects and therefore were not studied in the present experiments.
Pretreatment with Dopamine D 1 Family Agonists. Dopamine D 1 family agonists that differ in efficacy had comparable effects on behavior during i.v. saline availability (Fig.  3) . Thus, one or more cumulative i.m. doses of both the high-efficacy agonists SKF 82958 and R-(ϩ)-6-BrAPB and the partial agonist SKF 83959 markedly increased injectionlever responding in three monkeys; each drug was ineffective in one of four monkeys. Optimum doses of the D 1 agonists produced between 65 and 100% responding on the injectionlever and corresponding increases in the number of saline injections (Fig. 3, middle) . Of note, changes in the allocation of behavior were observed in different sets of three monkeys for the different drugs (Fig. 3, top) . Thus, in the different sets of three monkeys the D 1 agonists SKF 82958, R-(ϩ)-6-BrAPB, and SKF 83959 increased the number of i.v. saline injections from control values of one to two injections to, respectively, 11 Ϯ 5, 17 Ϯ 7, and 14 Ϯ 7 injections per 30-min session component. In all four monkeys, each of the three drugs also produced dose-related decreases in food-pellet deliveries and in overall response rates ( Fig. 3, bottom ; Table  2 ). Based on averaged ED 50 values, the potency of each D 1 agonist was similar across all behavioral measures (Table 4) .
Pretreatment with Dopamine D 2 Family Agonists. Dopamine D 2 [quinelorane, R-NPA, and (ϩ)-PHNO] or D 3 /D 2 agonists (PD 128907) had qualitatively comparable effects on behavior in the present experiments. Averaged for the group of monkeys, each of the D 2 family agonists produced doserelated increases in injection-lever responding and the number of i.v. saline injections (Fig. 4) . On average, the most effective doses of the drugs produced a similar distribution of behavior, with 42 to 59% of responding allocated to the injection-lever. Each of the D 2 family agonists also produced dose-related decreases in food pellet deliveries and response rate (Fig. 4, bottom; Table 2 ). The greatest effects were observed with (ϩ)-PHNO and R-NPA, which, averaged across monkeys, reduced response rates and the number of foodpellet deliveries to Ͻ20% of control values. Pronounced effects also were observed with quinelorane and PD 128,907, 
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at ASPET Journals on April 18, 2017 jpet.aspetjournals.org which, on average, decreased response rates and the number of food-pellet deliveries to approximately 30 to 40% of control values. The highest doses of the D 2 family agonists either eliminated responding or produced agitation and selfscratching in individual monkeys; higher doses of drugs were not studied to avoid adverse behavioral effects. Notwithstanding some differences among subjects, averaged ED 50 values indicate that each of the D 2 family agonists was comparable in potency across behavioral measures (Table 4) .
Although the different D 2 family agonists comparably altered the distribution of behavior, the magnitude of effects differed among monkeys, with the greatest effects observed in monkeys Mm 211 and Mm 258. For example, optimum doses of the four drugs produced 64 to 100% injection-lever responding in monkey Mm 211 and 78 to 100% injectionlever responding in monkey Mm 258 (Fig. 4, top) . D 2 family agonists also produced the greatest increase in the number of saline injections in these two monkeys. PD 128,907 was most effective in this regard, with 17 and 30 injections of i.v. saline after optimum doses in monkeys Mm 211 and Mm 258, respectively.
Alterations in the distribution of responding were less pronounced in the remaining two monkeys, Mm 263 and Mm 331. Optimum doses of each of the four D 2 family agonists produced Ͻ50% injection-lever responding and five or fewer i.v. saline injections. Mm 331 allocated Ͻ30% of responses to the injection-lever after pretreatment with R-NPA and (ϩ)-PHNO and responded almost exclusively on the food-lever after pretreatment with quinelorane or PD 128907. Injectionlever responding by Mm 263 increased to 33 and 48% after optimum doses of quinelorane and (ϩ)-PHNO but was less than 5% after pretreatment with R-NPA or PD 128907.
Doses of each of the D 2 agonists that increased injectionlever responding also induced responding during periods of nonreinforcement (i.e., during post-reinforcement and intercomponent time-out periods) and, in some cases, occasioned switching between injection-lever and food-lever responding throughout the component. These effects were not quantified; however, it is noteworthy that such effects were not observed with other drugs in the present study.
Discussion
Recent self-administration studies using concurrent schedules of i.v. injections and food delivery indicate that the distribution of behavior (i.e., choice) may provide an index of relative reinforcing strength that is functionally independent of other performance-altering effects of self-administered cocaine (Paronis et al., 2002) . The main goal of the present experiments was to use similar methods to study how priming doses of dopaminergic drugs modify choice behavior by comparing their effects on the distribution of injection-and food-lever responding during i.v. saline availability. The effects of priming doses on i.v. self-administration behavior in the absence of reinforcing drug injections previously have been assessed in reinstatement procedures in rats and monkeys. However, these methods differ in important ways. For example, reinstatement methods employ a single schedule of reinforcement, and responding is formally extinguished for test conditions. In the present choice procedure, behavior is maintained under concurrent schedules and is not extinguished but, reliably, shifts to the food-lever when responsecontingent i.v. injections no longer are reinforcing. As discussed below, such procedural differences may yield dissimilar results with some dopaminergic drugs. Monoamine Transport Inhibitors. Both cocaine and GBR 12909 induced dose-related changes in choice behavior during i.v. saline availability, resulting in nearly exclusive allocation of responding to the injection-lever after the highest doses of both drugs. These results support previous findings that cocaine and GBR 12909 can reinstate self-administration behavior (de Wit and Stewart, 1981; deVries et al., 1999; Schenk, 2002) , and extend those observations to increases in injection-lever responding under concurrently available schedules of i.v. saline and food delivery. To the extent that the priming effects of GBR 12909 may be attributable to its selective inhibition of dopamine transport, the present results further support the view that its effects and comparable effects of cocaine involve prominent dopaminergic actions.
The effects of cocaine and GBR 12909 contrasted with those of the norepinephrine transport inhibitor desipramine, which did not generally alter the distribution of behavior during i.v. saline availability. The present data with desipramine are consistent with previous findings that norepinephrine transport inhibitors have limited cocaine-like reinforcing actions and, as well, that desipramine is not effective in modulating the reinforcing effects of cocaine (Woolverton, 1987; Mello et al., 1990; Foltin and Fischman, 1994) . Drugdiscrimination studies previously have provided some evidence for the involvement of noradrenergic actions in discriminative-stimulus effects of cocaine (Spealman, 1995) . Nevertheless, the lack of desipramine-induced increases in injection-lever responding suggests that shared actions of cocaine and desipramine did not contribute greatly to the priming effects of cocaine in the present experiments.
Citalopram reliably decreased overall response rates and food intake, yet produced inconsistent changes in the distribution of behavior. Serotonin uptake inhibitors have been reported to be ineffective in either maintaining i.v. self-administration behavior or inducing reinstatement behavior in cocaine-trained subjects (Griffiths et al., 1978; Baker et al., 2001) . Indeed, serotonergic drugs seem to reduce, rather than augment, the effects of cocaine in self-administration procedures (Kleven and Woolverton, 1993; Grottick et al., 2000; Czoty et al., 2002) . The present results are consistent with such findings and do not support a prominent serotonergic role in the priming effects of cocaine on choice behavior.
Direct Dopamine Agonists. The behavioral effects of D 1 family and D 2 family receptor agonists overlapped those of cocaine and GBR 12909. On average, high levels of injectionlever responding followed treatment with each agonist. However, considerable variability was observed among individual monkeys, especially after treatment with D 2 family agonists. Although the basis for differences in the response of individual subjects to dopamine agonists is not well understood, such findings also have been reported in drug discrimination studies in monkeys. For example, D 1 and D 2 agonists have been shown to mimic the discriminative-stimulus effects of cocaine or methamphetamine in most, but not all, subjects (Spealman et al., 1991, Tidey and . Incomplete overlap in the stimulus effects of indirect and direct dopamine agonists supports the view that nondopaminergic mechanisms also may contribute to the behavioral effects of cocaine and related drugs. Dopamine D 1 agonists, including the partial agonist SKF 83959, which produced considerable increases in injectionlever responding in the present studies, previously were reported to be ineffective in reinstating self-administration behavior in both rats and monkeys (Self et al., 1996 , Khroyan et al., 2000 . For example, priming doses of 0.32 or 1.0 mg/kg of the D 1 agonist R-(ϩ)-6-BrAPB, which produced Ͼ75% responding on the injection-lever in three of four monkeys in the present experiments, failed to restore extinguished responding in monkeys trained under a second-order schedule of i.v. cocaine self-administration (Khroyan et al., 2000) . The reasons for such dissimilar results in choice and reinstatement experiments are uncertain but may indicate that different features of cocaine's pharmacology contribute to injection-lever responding in the two procedures. For example, doses of cocaine that reinstate self-administration behavior under second-order schedules in monkeys (0.3 and 1.0 mg/kg; Khroyan et al., 2000) also increase response rates under simple and second-order fixed interval schedules of food presentation (Gonzalez and Goldberg, 1977; Spealman et al., 1989) . However, D 1 agonists, although sharing discriminative-stimulus and reinforcing effects with cocaine, do not typically increase response rates (Bergman et al., 1995; Katz et al., 1995; Khroyan et al., 2000) . In conjunction, these observations raise the possibility that reinstatement procedures in cocaine-trained subjects are less sensitive to drugs that do not increase responding than to drugs that, like cocaine, have rate-stimulant effects. From this perspective, the present choice procedures seem to be sensitive to D 1 -mediated actions involved in priming effects of cocaine that are independent of its rate-stimulant actions.
The effects of D 2 agonists in the present experiments also incompletely overlapped those of cocaine. Several behavioral actions of D 2 agonists may have contributed to these results. Like cocaine, D 2 agonists exhibit both reinforcing and rateincreasing effects in monkeys that can contribute to increases in injection-lever responding (Woolverton et al., 1984; Bergman et al., 1995; Grech et al., 1996) . D 2 agonists also may induce response switching in a manner that is independent of the probability of reinforcement (Evenden and Doggett, 1989) . In the present studies, D 2 agonists were the only drugs that caused responding during periods of nonreinforcement (i.e., during postreinforcement and intercomponent time-out periods) and that occasioned switching back and forth between the injection-and food-levers both between and within fixed ratio 30 response units. Possibly, such effects served to limit the extent to which priming injections of D 2 agonists mimicked cocaine in some monkeys, resulting overall in intermediate levels of injection-lever responding. The occurrence of elevations in noncontingent responding and response switching with D 2 agonists, but not cocaine, suggests that the role of D 2 mechanisms in the priming effects of cocaine is modulated by other neurochemical actions.
Reinstatement studies suggest that the priming effects of D 2 family agonists also may depend on subtype selectivity. For example, the reportedly D 3 -selective ligand PD 128,907 seems neither to reinstate self-administration behavior nor to augment cocaine-induced reinstatement in monkeys, whereas, like cocaine, D 2 family agonists, including quinelorane and R-NPA, fully restore extinguished self-administration behavior in both rats and monkeys (Self et al., 1996; Khroyan et al., 2000) . In view of such previous data, it is noteworthy that the effects of PD 128,907 were indistinguishable from those of R-NPA and other D 2 family agonists in the present studies. The reasons for such dissimilar effects of D 2 family agonists in the two types of self-administration studies are unclear. One possibility is that squirrel monkeys (reinstatement studies) and rhesus monkeys (choice studies) are differently sensitive to the effects of D 2 agonists. For example, doses Ͼ0.1 mg/kg PD 128,907 are reported to produce adverse behavioral effects in squirrel monkeys and were not studied as priming doses in reinstatement studies, whereas doses as high as 0.32 mg/kg were studied in rhesus monkeys in the present experiments and did not decrease response rate below 1.0 responses/s. Another possibility is that procedures based on extinguished behavior (reinstatement) and ongoing behavior (choice) provide assay conditions that are dissimilarly sensitive to D 2 family receptor-mediated actions or to distinctions between D 2 -receptor subtype. In this regard, the functional consequences of D 3 -receptor activation are not well understood, and the role of distinctive D 3 -mediated actions in PD 128,907's behavioral effects remains unclear (Spealman, 1996; Caine et al., 1997 ; but see Katz and Alling, 2000; Dekeyne et al., 2001; Rinken et al., 1999) .
In summary, the experiments reported here were conducted to pharmacologically characterize the dopaminergic contribution to the priming effects of cocaine when i.v. injections of saline and a nondrug reinforcer, food, are concurrently available. In contrast to reinstatement procedures, the effects of priming injections of drugs were studied on ongoing, rather than extinguished, behavior and measured in terms of allocation, rather than rates, of behavior. Results indicate that dopamine D 1 family agonists, like cocaine and GBR 12909, produced marked increases in i.v. self-administration behavior during saline availability, whereas lesser effects on the distribution of behavior were observed with nondopaminergic transport inhibitors or with dopamine D 2 family agonists. The value of the present approach may lie in providing a new metric with which to experimentally study relapse. Moreover, the present findings may lead to an improved understanding of the role of dopaminergic mechanisms in relapse to cocaine addiction. 
